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The sensitivity of experimental searches for axion dark matter coupled to photons is typically
proportional to the strength of the applied static magnetic field. We demonstrate how a permeable
material can be used to enhance the magnitude of this static magnetic field, and therefore improve
the sensitivity of such searches in the low frequency lumped-circuit limit. Using gadolinium iron
garnet toroids at temperature 4.2 K results in a factor of 4 enhancement compared to an air-core
toroidal design. The enhancement is limited by magnetic saturation. Correlation of signals from
three such toroids allows efficient rejection of systematics due to electromagnetic interference. The
sensitivity of a centimeter-scale axion dark matter search based on this approach is on the order of
gaγγ ≈ 10−9 GeV−1 after 8 hours of data collection for axion masses near 10−10 eV. This approach
may substantially extend the sensitivity reach of large-volume lumped element axion dark matter
searches.
Several decades after its theoretical prediction, the ax-
ion remains a compelling solution to the strong CP prob-
lem, and a well-motivated dark matter candidate [1–4].
Experimental searches for axions rely on one of their in-
teractions with Standard Model particles [5–8]. Most
experiments to date have focused on the axion-photon
interaction, which can convert axions into photons in the
presence of strong magnetic field. This effect has been
used to place stringent limits on the coupling of axions
produced in the laboratory [9] or in the Sun [10], ap-
proaching the most restrictive astrophysical bounds for a
wide range of axion masses [11].
The technique of resonant conversion of dark matter
axions into monochromatic microwave photons inside a
high-quality-factor cavity permeated by a strong mag-
netic field has achieved the level of sensitivity sufficient
to search for dark matter axions with masses between
2.66 and 2.81µeV, and used to exclude the axion-photon
couplings predicted by plausible models for this mass
range [12]. A number of cavity-based axion haloscopes
are in development, or already exploring axion frequen-
cies up to ≈ 10 GHz [13, 14]. In order to search for
lower-mass axions coupled to photons, it is necessary to
use lumped-element circuits [15–20]. The experimental
concept is based on an effective modification of Maxwell’s
equations: in presence of a large static magnetic field ~B,
axion dark matter acts as a source of an oscillating mag-
netic field, with magnitude proportional to the axion-
photon coupling strength gaγγ , and with oscillation fre-
quency ωa = mac2/~, where ma is the axion mass, c is
the speed of light, and ~ is the Planck constant. The
coherence time of this oscillating field is 106 periods, set
by the kinetic energy of the virialized axion dark mat-
ter [5, 21].
Our approach is to use toroidally-shaped permeable
material to enhance the magnitude of the static mag-
netic field ~B. The inhomogeneous magnetic Maxwell’s
equation with axion-photon coupling takes the form
~∇× ~B − 1
c2
∂ ~E
∂t
= µ0~jel +
gaγγ
c
∂a
∂t
~B, (1)
where~jel is the electric current density, and a = a0 sinωat
is the axion field [21, 22]. We use SI units for electromag-
netic fields and natural units for the axion field, so that
gaγγa0 is unitless, and the axion field amplitude is given
by m2aa20/2 = ρDM = 3.6 × 10−42 GeV4 [23]. We have
neglected the spatial gradient ~∇a, which is suppressed
in the lumped-circuit case. In the presence of a mag-
netizable medium and macroscopic free electric current
density ~Jf , this equation takes the form
~∇× ~H = ~Jf + gaγγ
µ0c
∂a
∂t
~B, (2)
where the auxiliary field ~H = ~B/µ0− ~M and we assumed
vanishing macroscopic charge [24]. The boundary condi-
tions for fields ~B and ~H at interfaces between different
media are unchanged from the usual situation in electro-
magnetism [25]. The enhancement arises from the fact
that the magnetic field inside the permeable material in-
cludes the material magnetization, in addition to the field
created by the free current: ~B = µ0( ~H+ ~M). For a linear
magnetic material with permeability µ, B0 = µµ0H0 and
the enhancement is given by µ.
The toroidal samples used in our measurements were
made of gadolinium iron garnet ferrite (GdIG, chemi-
cal formula Gd3Fe5O12). This material was chosen for
its high permeability at liquid helium temperature, its
good insulating properties that ensured no screening of
radiofrequency magnetic fields due to skin effect, and
for its well-studied magnetic noise properties [26, 27].
The toroids had the following dimensions: inner radius
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21.95 cm, outer radius 3.6 cm, height 2.0 cm [24]. A mag-
netizing coil was wound around each of the ferrite toroids,
fig. 1(a). Injecting a current into this coil created an az-
imuthal magnetic field inside the sample, with magnitude
B0 = µ0(H0 +M), where µ0H0 is the magnetic field that
would be created by this current in the absence of per-
meable material and M is the material’s magnetization.
In the presence of azimuthal magnetic field B0, the ax-
ion dark matter field acts as a source of an oscillating
effective azimuthal current density
Jeff =
ωa
µ0c
gaγγa0B0 cos (ωat), (3)
which can be used to calculate the resulting axial mag-
netic field and the magnetic flux Φa through the center
of the toroid [24].
FIG. 1: (a) The coils wrapped around the GdIG toroid:
a toroidal magnetizing coil created the azimuthal magnetic
field B0, a permeability sensing coil was used to monitor the
sample magnetization, a pickup coil was sensitive to axion-
induced magnetic flux Φa, and a calibration coil was used to
calibrate the coupling of the pickup coil to the SQUID. Not
all coil turns are shown. (b) Experimental schematic showing
the main components of the apparatus: three GdIG toroids
with pickup coils connected to SQUID amplifiers, mounted
inside superconducting magnetic shields, immersed in liquid
helium at temperature 4.2 K.
The experimental apparatus contained three ferrite
toroids inside an enclosure formed by nested coaxial
cylinders, immersed in liquid helium, fig. 1(b). During
data collection, each of the three toroids had a different
value of the azimuthal magnetic field B0, which allowed
us to identify and reject a number of systematic signals
caused by electromagnetic interference in the apparatus.
Lead foil, affixed to the inner surfaces of the cylinders
and their caps, formed a double-layer superconducting
magnetic shield. The three GdIG toroids were mounted
inside the inner shield. The top and bottom toroids had
magnetizing coils, wound using Nm ≈ 1100 turns of NbTi
wire in two counter-wound layers. These coils were con-
nected to persistent switch heaters inside the outer mag-
netic shield to enable persistent current operation. A
60-turn permeability sensing coil was wound symmetri-
cally through the top and bottom toroids, as shown in
fig. 1(a). These coils were used to monitor the magne-
tization of the corresponding toroid during data collec-
tion [24]. Three pickup coils were wound on the G-10
support rod, each with Np = 8 turns of NbTi wire, and
positioned at the inside circumference of each toroid. A
twisted pair connected each pickup coil to a Magnicon
superconducting quantum interference device (SQUID)
amplifier, mounted inside the outer magnetic shield.
Several calibration measurements had to be performed
before collecting data in the configuration sensitive to ax-
ion dark matter. The sensitivity of the SQUID detectors
was calibrated by injecting a known current into the cal-
ibration coil, wound around the outer circumference of
the GdIG toroid, and recording the SQUID voltage re-
sponse. Having measured the mutual inductance between
the calibration and the SQUID pickup coils at room tem-
perature, the flux-to-current conversion was extracted for
each SQUID. This calibration was used to convert the
recorded SQUID voltage into the magnetic flux at the
pickup coil. Conversion to axion-photon coupling was
performed by integrating the effective current density in
eq. (3) over the volume of the toroid [24].
The azimuthal magnetic field B0 inside the GdIG ma-
terial was monitored by measuring the inductance of the
permeability sensing coil. In order to calibrate this mea-
surement, the inductances of the magnetizing and the
permeability sensing coils were simultaneously measured
for various values of the constant current through the
magnetizing coil [24]. For each current value, the GdIG
permeability µ was calculated from the inductance of the
toroidal magnetizing coil, creating a direct calibration for
the inductance of the permeability sensing coil as a func-
tion of µ. The initial permeability of the GdIG toroids
was ≈ 25, decreasing with current applied to the mag-
netizing coil, as the magnetic material saturated, fig. 2.
Very little magnetic hysteresis was observed. Since GdIG
is a non-linear magnetic material, the value of the az-
imuthal magnetic field B0 inside the toroid had to be
3FIG. 2: Scaling of GdIG toroid permeability and internal
magnetic field with magnetizing coil current Im, at tempera-
ture 4.2 K. Blue circles (y-scale on the right) show permeabil-
ity µ = (1/µ0)dB/dH calculated from measurements of in-
ductance of the magnetizing coil. Red squares (y-scale of the
left) show the internal magnetic field calculated using eq. (4).
The dashed line shows the magnetic field that would be cre-
ated inside an air-core toroid.
calculated using
B0(H0) = µ0
∫ H0
0
µ(H)dH. (4)
After this calibration, a measurement of the inductance
of the permeability sensing coil for each toroid gave the
value of B0 even when its magnetizing coil was operating
in the persistent mode. One way to quantify the B0
enhancement is to note that at the injected current of
5 A the magnetic field inside an air-core toroid would
be 0.04 T, whereas the magnetic field inside the GdIG
toroid was 0.17 T, which is a factor of 4 larger.
According to the fluctuation-dissipation theorem, the
presence of permeable material with complex permeabil-
ity gives rise to thermal magnetization noise, with a spec-
trum peaked at low frequencies [26]. Our experimental
geometry was designed so that this magnetization noise
does not couple to the SQUID pickup coils, which are not
sensitive to fluctuations in the toroid magnetization [27].
Some small coupling is inevitable due to fabrication im-
perfections, but the magnitude and the 1/f power spec-
tral density of the magnetization noise ensure that the
dominant noise in our experiment is the intrinsic SQUID
detector noise at frequencies above 1 kHz, fig. 3. The
noise at frequencies below 1 kHz was caused by mechan-
ical vibrations of the cryostat.
In order to evaluate the sensitivity of this experimen-
tal approach, we collected data in the setup configura-
tion sensitive to axion dark matter: the middle toroid
was unmagnetized, a 1 A current was injected into the
magnetizing coil of the top toroid, and a 5 A current was
injected into the magnetizing coil of the bottom toroid,
such that the magnetization was in the opposite direc-
FIG. 3: The magnetic flux spectrum recorded by the SQUID
amplifier coupled to the bottom GdIG toroid. The dashed line
shows the nominal flux noise of the SQUID at 10−6 Φ0/
√
Hz,
where Φ0 is the magnetic flux quantum. Noise at frequencies
below 1 kHz was correlated with cryostat vibrations. The roll-
off at frequencies on the order of MHz is due to the SQUID
bandwidth, which was ≈ 400 kHz for this measurement.
tion. These persistent currents were locked into the coils
with corresponding persistent switches. Recorded data
spanned a single overnight run with a total integration
time T = 28793 s ≈ 8 hours. Each of the toroid mag-
netizations was verified using the corresponding perme-
ability sensing coil after data collection. Signals from
the three SQUID detectors were simultaneously digitized
at 7.8125 MHz sampling frequency and stored on a hard
drive for later analysis.
After performing Fourier transformation and extract-
ing the power spectral density, the spectra were averaged
and the data points were grouped into bins, with each bin
width set equal to central bin frequency divided by 106
(number of coherent oscillations of the axion field). The
axion signal sensitivity at 95% confidence level at each
bin frequency was set to 2σ, where σ was the standard
deviation of points within that bin. This is a straight-
forward data analysis approach that gives an estimate
for the experimental sensitivity for a basic axion halo
model [28].
Electromagnetic interference was observed as peaks in
the Fourier spectra of the SQUID detectors at a num-
ber of frequencies. Identification and rejection of these
systematics was made possible by the simultaneous sam-
pling of signals from the three toroids. If a peak was
observed at the same frequency for all three toroids, it
was identified as interference, since axion-induced signal
would not appear for the middle toroid, which had not
been magnetized. The corresponding data points were
then removed from the spectrum. Furthermore, an axion
peak would appear at different amplitudes in the top and
bottom toroids, since they were magnetized with 1 A and
5 A currents, respectively. Therefore, when a peak was
observed for both the top and bottom toroids, its ampli-
tude was scaled by the respective magnetization and the
4two signals were compared; the axion coupling limit was
set to the lower of the two channels [24].
FIG. 4: The sensitivity of our centimeter-scale experiment
to axion-photon coupling over three orders of magnitude in
axion mass between 3× 10−12 eV and 3× 10−9 eV.
After 8 hours of data collection at 4.2 K, the sen-
sitivity to axion-photon coupling of a centimeter-scale
experimental search for axion dark matter using GdIG
was on the order of 10−9 GeV−1 in a wide range of
axion masses near 10−10 eV, fig. 4. Over most of the
mass range the sensitivity was limited by the SQUID
amplifier noise. Cryostat vibrations degrade sensitiv-
ity below 20 kHz. The four peaks visible at frequen-
cies 133.27 kHz, 223.72 kHz, 431.91 kHz, and 444.16 kHz
could not be rejected with our systematic identification
procedure [24]. The spectral linewidths of these peaks
were larger than what was expected for an axion signal,
therefore they were identified as systematics, and sen-
sitivity was degraded near those frequencies. The best
laboratory limit on axion-photon coupling for this mass
range is 0.66× 10−10 GeV−1 [10].
Using toroidal samples made of permeable material
enhanced experimental sensitivity compared to air-core
toroidal design by a factor of ≈ 4, limited by magnetic
saturation of GdIG. Adopting other insulating magnetic
materials, such as iron powder toroids, that have higher
permeability and saturate at much higher fields, may de-
liver enhancement factors up to a factor of 10 larger. The
sensitivity of experimental searches for axion dark mat-
ter scales with the volume of the region containing static
magnetic field. In our geometry the physical volume is
≈ 50 cm3. Scaling this up to the benchmark 1 m3 would
improve the sensitivity by another factor of 104 [15–17].
Our approach lowers the current required to achieve a
given static magnetic field and may substantially simplify
design and operation of large-volume superconducting
magnets, necessary for such axion dark matter searches.
The trade-off is the need for a large magnetic sample,
however several promising magnetic materials are used
in industrial transformers and are therefore cheap and
readily available in large volumes. Performing the ex-
periment at a small magnetizing current of 5 A enabled
our design with three toroidal samples, allowing efficient
identification and rejection of systematics due to elec-
tromagnetic interference. Coherent correlation of signals
from two toroidal samples with equal and opposite mag-
netizations may enable an even more effective systematic
rejection scheme.
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